Lithium niobate ͑LN͒ crystals, in particular after strong oxidation, are of great relevance for applications in photorefraction and nonlinear optics. Crystals doped with 2 or 4 wt % of iron are studied by extended x-ray absorption fine structure spectroscopy. The Fe atoms are observed to be sixfold coordinated by oxygen atoms and incorporated into the Li site. No evidence for formation of iron oxide clusters is found. In situ x-ray absorption spectroscopy measurements of the thermoelectric oxidation of a LN:Fe 2 wt % crystal and the analyses of the partially site-selective x-ray absorption near edge structure spectra of a LN:Fe 4 wt % crystal provide site-selective structural information. We found that the Fe 2+ and Fe 3+ sites have the same site symmetries and positions in the LN matrix, i.e., the Fe 2+ and Fe 3+ atoms are both octahedrally coordinated by six oxygen atoms and both occupy the Li site.
I. INTRODUCTION
Lithium niobate ͑LN͒ ͑LiNbO 3 ͒ crystals are an important photorefractive material for applications in nonlinear optics or for holographic data storage. 1, 2 In order to increase the refractive index changes, leading to an enhanced storage capacity of holograms, they are doped with transition metals, e.g., Fe, Mn, or Cu. In the case of Fe-doped LN crystals the iron atoms are found in the valence states Fe 2+ and Fe 3+ . 3 Upon inhomogeneous illumination, the electrons from the Fe 2+ impurity centers are excited into the conduction band. They migrate due to drift, diffusion, and bulk photovoltaic effects, 4 and they are finally trapped by Fe 3+ centers preferentially in the dark areas. The redistributed charge builds up space-charge fields, which modulate the refractive index via the electro-optic effect.
Although light-induced refractive index changes are favorable for some applications, they are undesirable for others and called "optical damage." Some ppm of iron always exist in LN crystals. Upon illumination, refractive patterns develop, which disturb the phase matching conditions and the beam profile in nonlinear-optical applications. One way to avoid the optical damage in a LN crystal is to oxidize it. Recently, a thermoelectric method for very efficient oxidation of Fe 2+ to Fe 3+ in LN:Fe crystals has been reported. 5, 6 Precise knowledge about the oxidation state and site occupation of the iron atoms is essential for tuning the photorefractive properties of the LN crystals. A recent x-ray absorption spectroscopy ͑XAS͒ study reported the presence of Fe 2+ and Fe 3+ atoms in iron-doped LN crystals and their incorporation into the Li site. 7 However, no site-selective structural information was provided, which would allow to differentiate between the Fe 2+ and Fe 3+ sites. The goals of the study presented here are: to determine the incorporation site of the Fe atoms in LN crystals doped with 2 and 4 wt % of Fe ͑LN:Fe 2 wt %, LN:Fe 4 wt %͒ by the extended x-ray absorption fine structure ͑EXAFS͒ technique, to verify that Fe 2+ and Fe 3+ are present in these LN crystals by analyzing x-ray absorption near edge structure ͑XANES͒ and visible ͑VIS͒ absorption spectra, and to provide site-selective information about the local symmetry and incorporation site of the Fe 2+ and Fe 3+ atoms by in situ XAS measurements of thermoelectric oxidation of a LiNbO 3 :Fe 2 wt % crystal, nonresonant high-resolution x-ray emission ͑HRXE͒ spectroscopic measurements, and analyses of partially site-selective XANES spectra extracted from a resonant inelastic x-ray scattering ͑RIXS͒ map.
II. SAMPLES
The studied samples are iron-doped LiNbO 3 crystals supplied by Crystal Technology, Inc. They were grown by the Czochralski technique from a congruent melt that contained 2 or 4 wt % iron oxide ͑Fe 2 O 3 ͒. The LiNbO 3 :Fe 2 wt % and LiNbO 3 : Fe 4 wt % crystals are notated as C1 and C2 crystals, respectively.
III. EXPERIMENTAL DETAILS
XAS experiments were performed at the INE-Beamline at the ANKA 2.5 GeV synchrotron radiation facility, Karlsruhe, Germany. For details about the instrumentation at this beamline, see Ref. 8 on a goniometer; this was rotated 0.001°after each spectrum with respect to the incoming beam, in order to average out the possible diffraction peaks.
All Fe K-edge XANES spectra were measured in the energy interval from 7060 to 7260 eV, with a 0.5 eV step width and 2 s ͑in fluorescence mode͒ or 1 s ͑in transmission mode͒ integration time. For the EXAFS region equidistant increment was chosen in k space, with 0.03 Å −1 step width. At least six XAS ͑XANES and EXAFS͒ spectra were collected from the LN:Fe 2 wt % and LN:Fe 4 wt % crystals, in order to check for reproducibility of the spectral features and to improve the counting statistics. For energy calibration, the first inflection point of the K-edge spectrum of an iron foil measured simultaneously was set to the photon energy of 7112 eV. The data reduction in the Fe K-edge XANES spectra consisted of subtraction of a linear background fit to the pre-edge region from 7060 to 7100 eV and normalization of the spectra to an edge jump of one at 7260 eV.
During the in situ XAS measurements of the thermoelectric oxidation of a LN:Fe 2 wt % crystal, the monochromator was operated in a quick scanning mode, with 1 min measuring time per EXAFS spectrum. The LN crystal was mounted under 45°with respect to the incoming photon beam. The crystal was put in a furnace in the middle of two perpendicularly crossed quartz tubes. The first tube was directed toward the fluorescence detector. The second tube provided access to the sample for the primary beam. In order to oxidize the crystal thermoelectrically, an electric field was initially applied, where the voltage and the current were restricted to 1000 V and 0.1 mA, respectively. Then the crystal was heated to 700°C with a ramp of 3.9°C / min and abruptly cooled down. At room temperature the electric field was switched off. 5 The measurements of the Fe K␤ 1, 3 and Fe K␤Ј emission lines of FeO and Fe 2 O 3 references and the RIXS map of the LN:Fe 4 wt % crystal were performed at the wiggler beamline W1 at HASYLAB ͑Hamburg͒. For the HRXE measurements, the incident x rays were monochromatized by two Si͑111͒ crystals to the energy of 7500 eV, which is approximately 400 eV above the Fe K edge. X rays scattered from the sample were analyzed by a Johann spectrometer in dispersive geometry, 10 where for the HRXE measurements and the RIXS measurement the sample was moved by 200 and 100 mm, respectively, inside the Rowald circle. A spherically bent Si͑531͒ crystal with radius of curvature of 1 m was employed as an analyzer and a charge coupled device camera ͑Roper Scientific/Princeton Instruments type͒ as a positionsensitive detector. The measurements were performed at a Bragg angle B = 71.7°. The experimental energy resolution is estimated as 1.4 eV at the Fe K edge ͑7112 eV͒.
The ARTEMIS ͑Ref. 11͒ program package was used for EXAFS analyses. The ionization energy ͑E 0 ͒ was chosen as the energy position of the first inflection point of the respective spectrum, i.e., 7124 eV. The XAFS signals ͓͑k͔͒ measured at the Fe K edge, covering a k range from 2.4 to 8.4 Å −1 , was Fourier transformed ͑FT͒ to R space using a k weighting of 1, 2, and 3 and a Hanning window with window sills dk equal to 2. Fits were performed in R space over a 1.34 Å range. As the initial model the structure of LiNbO 3 ͑Ref. 12͒ was used. The amplitude reduction factor ͑S 0 2 ͒ was held constant to 0.75, the value obtained for initial fits for a Fe foil FT-EXAFS spectrum measured under the same experimental conditions. While fitting the FT-EXAFS spectra, the S 0 2 parameter was held constant, whereas E 0 ͑E 0͑O͒ and E 0͑Nb͒ ͒ and the Debye-Waller factors ͑ O 2 and Nb 2 ͒ were varied. The first coordination shell ͑Fe-O͒ was initially fitted by holding the coordination number constant to the model and varying the distance. Then, the coordination number was varied while holding the distance obtained in the initial fit constant. In this way the number of variables was kept 3 for 5.9 independent data points. The number of independent data points are calculated as
where ⌬R and ⌬k are the range widths of the analysis in R and k spaces, respectively. In the next step the coordination number and the distance for the first coordination shell were held constant at their values obtained in the first step, and the fit range was extended to 3.4 Å, in order to include the second coordination shell ͑Fe-Nb͒. The fit procedure was repeated using two Fe-Nb single scattering paths, but varying one ⌬R Fe-Nb . The number of variables was 5 for 8.9 independent data points. For all performed fits, the obtained R-factor ͑overall goodness of fit͒ was 0.01 or better, which means that data and fit agree on average within 1% or better. R-factor is defined as
where N =2͑R max − R min ͒ / ␦R + 1 is the number of points in the data range of the fit and ␦R is the spacing in R space.
f i is the difference between data and model in R space defined as
The measurement of the absorption coefficient of the 2 wt % iron-doped LiNbO 3 crystal was performed at 477 nm in transmission mode using a Cary 500 spectrometer in the VIS spectral range. Using the known relation 3 between Fe 2+ concentration ͑c Fe 2+͒ and the absorption at 477 nm ͑␣ 477 nm ͒, c Fe 2+ = 2.16ϫ 1021 m −2 ␣ 477 nm , the concentration of Fe 2+ was calculated. An independent measurement by atomic absorption spectroscopy of the LiNbO 3 : Fe 2 wt % crystal leads to a total iron concentration of 1.11Ϯ 0.03 wt %.
IV. RESULTS AND DISCUSSIONS

A. EXAFS analyses
The EXAFS spectra in R and k space of the C1 and C2 crystals are plotted along with their best fits in Fig. 1 . The structural values obtained by fitting the intense peak at around 1.5 Å ͑not phase corrected͒ suggest that the Fe atoms are sixfold coordinated by oxygen atoms in both samples ͑see Table I͒ . Best fits in the R range up to 3.4 Å were achieved by employing a model with Fe atoms occupying Li sites, i.e., three Nb atoms located at around 3.05 and 3.14 Å for the C1 and C2 crystals, respectively ͑see Table I͒ . Fits using models of Fe 2 O 3 clusters and incorporation of Fe atoms into Li and Nb sites yielded unsatisfactory results, which made us confident to rule them out. Results from the EXAFS analysis suggest that the iron atoms are dispersed in the LN:Fe 4 wt % crystal. This contradicts the result of Olimov et al., 7 who reported indications for formation of small iron oxide ͑Fe 2 O 3 ͒ clusters in a LN:Fe 4 wt % crystal. The crystal studied in this paper and by Olimov et al. originates from the same crystal boule. The discrepancy might be due to the inhomogeneously distributed iron oxide in the boule. This scenario is likely because of the high doping level of iron. The significantly increased Fe-Nb distance in the case of the C2 crystal, from 3.05 to 3.14 Å, provides evidence for distortion of the LN crystal matrix, which might be caused by a decreased distance between the Fe centers. Figure 2 depicts the XANES spectra of the C1 and C2 crystals along with those of the FeO and Fe 2 O 3 reference compounds. On the energy scale, the spectra of the two samples are positioned close to the spectrum of Fe 2 O 3 , which indicates a major presence of Fe 3+ and a minor presence of Fe 2+ in both crystals. This qualitative estimate is supported by the VIS absorption result, which found 20% of Fe 2+ and 80% of Fe 3+ in the 2 wt % iron-doped LN crystal. The energy positions of the absorption edge of Fe in the two samples, determined as the maximum of the first derivative of the respective XANES spectrum, are identical. This finding implies similar Fe 2+ to Fe 3+ ratio in the C2 crystal. The overall shape of a XANES spectrum reflects the electronic and geometrical structure of both Fe 2+ and Fe 3+ sites, which makes the extraction of site-selective structural information difficult. The in situ thermoelectric oxidization of LN:Fe 2 wt % aimed not only to track the structural changes around the Fe atoms during the oxidation process but also to enable the assignment of spectral features to one of the two sites ͑Fe 2+ and Fe 3+ ͒. 
B. XANES and VIS absorption analyses
C. In situ studies
During thermoelectric oxidization, iron-doped LN crystals change their color from completely black to completely transparent. 5 This fingerprint was the first sign for successful oxidation of iron in the LN:Fe 2 wt % crystal investigated in our in situ experiment. In Fig. 3 , the XANES spectra, measured at the beginning ͑S_first͒ and at the end ͑S_ last͒ of the oxidation treatment are shown. A 0.5 eV energy shift of the S_last spectrum toward higher energies, compared to the S_first spectrum, was detected. The 0.5 eV energy shift is measured as the difference in energy positions of the first inflection points of the two spectra, which are defined as the maximum of the first derivative of the respective XANES spectrum. The change in color and the energy shift of the spectrum toward higher energies indicate the successful oxidation of the crystal. However, the XANES spectrum does not show any other changes during the oxidation process, except this energy shift. Moreover, no significant differences were found in the measured EXAFS spectra. These findings suggest that both sites are most likely sixfold coordinated by oxygen atoms, and that the Fe 2+ and Fe 3+ atoms occupy the Li site. Despite the similarities in short and long range geometrical structures, the electronic structure of the Fe atoms in the two valance states differs. The resonance at the pre-edge region of the S_first and S_last spectra ͓seen in Fig. 3͑d͔͒ is assigned to the transition of the 1s electron to the lowest unoccupied states, and it is expected to reflect electronic structural changes. However, the low signal-to-noise ratio and the restricted resolution of a conventional XANES measurement prevent detection of such differences. In order to overcome these limitations, partially site-selective XANES spectra were extracted from a high-resolution RIXS map employing the chemical sensitivity of the high-resolution K␤ emission lines of iron oxides with different oxidation states of iron.
D. HRXE spectra and RIXS map
The 1s3p nonresonant HRXE spectra of FeO and Fe 2 O 3 are displayed in Fig. 4 . The K␤ line is split into a main intense emission line K␤ 1, 3 , which reflects 3p-1s spin down transitions and a satellite K␤Ј on the low energy site, which reflects 3p-1s spin-up transitions. The spin selectivity of the K␤ emission line has been explained with the exchange interaction between the unpaired spin-up electrons in the 3d state and the net 3p electron spin after transition of a 3p electron to the 1s state. [13] [14] [15] [16] Since the energy difference between the two emission lines, the width of the K␤ 1,3 line, and the intensity of the K␤Ј line depend on the number of spin-up electrons in the 3d state, the 1s3p HRXE spectra are sensitive to the oxidation state of iron ͑see Fig. 4͒ and Fe 3+ emission lines overlap, it is not possible to extract "pure" site-selective spectra with the available energy resolution. The A and B XANES spectra are plotted in Fig. 6 . Despite the similarity of the two spectra, clear differences in the intensities and center of gravity of the two pre-edges are present ͑see the inset in Fig. 6͒ . The two pre-edges are isolated by fitting a spline function and subtracting the remaining part of the spectra. The pre-edge resonances of the A and B spectra were modeled with Gauss profiles ͓see inset ͑a͒ in Fig. 6͔ . The Gauss profiles are not assigned to any atomic transitions. The aim of the fit is the determination of the center of gravity of the two structures. Wilke et al. 18 showed in their systematic study of iron oxides that the center of gravity of the pre-edge feature for Fe 2+ and Fe 3+ compounds differs by Ϸ1.4 eV. This finding does not depend on the site symmetry of iron. The difference in center of gravity of the pre-edges of the A and B spectra is Ϸ1.4Ϯ 0.1 eV. This result indicates that in the A and B spectra dominantly contribute Fe 2+ and Fe 3+ , respectively. The similarity of the shape of the white lines and the multiple scattering regions of the two spectra suggest that the short range and long range geometrical structures of the two sites are similar. This finding agrees with the results obtained by the in situ experiment. However, in this specific case the partially site-selective XANES spectra are more sensitive, demonstrating the difference in the electronic structure of the Fe 2+ and Fe 3+ sites.
V. CONCLUSION
Based on XANES, EXAFS, VIS absorption studies, in situ measurements of thermoelectric oxidization of a LN:Fe 2 wt % crystal, and HRXE spectroscopic studies, we come to the following conclusions. and Fe 3+ atoms are in octahedral geometry surrounded by oxygen atoms and they both occupy the Li site. 
